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Edited by Horst FeldmannAbstract The 26S proteasome, composed of the 20S core and
19S regulatory complexes, is important for the turnover of poly-
ubiquitinated proteins. Each subunit of the complex plays a spe-
cial role in proteolytic function, including substrate recruitment,
deubiquitination, and structural contribution. To assess the func-
tion of some non-essential subunits in the 26S proteasome, we
isolated the 26S proteasome from deletion strains of RPN13
and RPN14 using TAP aﬃnity puriﬁcation. The stability of
Gcn4p and the accumulation of ubiquitinated Gcn4p were signif-
icantly increased, but the aﬃnity in the recognition of protea-
some was decreased. In addition, the subcomplexes of the
isolated 26S proteasomes from deletion mutants were less stable
than that of the wild type. Taken together, our ﬁndings indicate
that Rpn13p and Rpn14p are involved in the eﬃcient recognition
of 26S proteasome for the proteolysis of ubiquitinated Gcn4p.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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In eukaryotic cells, the breakdown of proteins by the ubiqui-
tin-proteasome system (UPS) is a central regulatory mecha-
nism for various cellular processes including the cell cycle,
apoptosis, signal transduction, and gene expression [1,2]. In
this pathway, substrate proteins are polyubiquitinated by
ubiquitin-activating enzyme E1, ubiquitin-conjugating enzyme
E2, and ubiquitin ligase E3. The 26S proteasome then recog-
nizes and degrades the ubiquitin-conjugated proteins in an
ATP-dependent manner [3]. The 26S proteasome is a multi-
catalytic protein complex that is composed of two subcom-
plexes, the 670 kDa 20S core particle (CP), which contains pro-
teolytic active sites, and the 900 kDa 19S regulatory particle
(RP), which binds to either or both ends of the 20S CP [3].
The 19S complex can be divided into lid and base subcom-
plexes. The lid consists of at least eight non-ATPase subunits
(Rpn3p, Rpn5-9p, Rpn11p, and Rpn12p), while the base is*Corresponding author. Fax: +82 2 927 9028.
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doi:10.1016/j.febslet.2007.04.064made up of six AAA-ATPase subunits (Rpt1-6p) and two
non-ATPase subunits (Rpn1-2p) [4]. Several components of
the 19S RP play unique roles in the 26S proteasome. For
example, Rpn1p acts as a receptor for ubiquitin-like proteins
such as Rad23p [5]. Rpn10p is responsible for the binding of
polyubiquitinated substrates with both the free form and the
incorporated form in the 26S proteasome, and strengthens
the interaction between the lid and base [6,7]. Rpn11p func-
tions as a metallo-isopeptidase during proteasomal degrada-
tion [8,9]. Ubiquitin-mediated degradation ensures that key
cellular factors are regulated at the appropriate time and loca-
tion. Gcn4p is a typical eukaryotic transcriptional activator
that is degraded by the 26S proteasome [10,11]. Under normal
growth conditions, Gcn4p is rapidly degraded with a very
short half-life of only 2–3 min [10]. This eﬃcient degradation
is mediated through the UPS pathway depending on the phos-
phorylation of speciﬁc residues, which leads to the ubiquitina-
tion and breakdown of Gcn4p [12,13]. The degradation of
Gcn4p by UPS is also required for the recruitment of RNA
polymerase II in the promoter of the target gene [14]. There-
fore, Gcn4p seems to be a remarkable candidate molecule
for use in investigating the function of the 26S proteasome in
proteolysis. Considering the unique function of each subunit
in the 19S complex, it is likely that each individual subunit
of the 19S RP will be responsible for a speciﬁc function in
the regulation of the Gcn4p level.
In this study, we focused on the two non-ATPase subunits
(Rpn13p and Rpn14p) of the 19S RP in the stability of Gcn4p.
These are non-essential genes related to cell viability. However,
non-essential subunits of 19S RP might also play a role in the
ﬁne regulation of proteasome. Rpn13p was shown to be a stoi-
chiometric subunit of the proteasome and aﬀected the prote-
asomal degradation of ubiquitinated substrates [15].
ADRM1, a human ortholog of Rpn13p, was recently reported
to recruit and activate the deubiquitinating enzyme Uch37 [16–
19]. However, it seems likely that Rpn13p plays a diﬀerent role
considering the absence of ortholog of Uch37 in budding
yeast. Rpn14p, which is reported only through high-through-
put mass spectrometric protein complex identiﬁcation (HMS-
PCI), has not yet been characterized in terms of its function
[20]. We veriﬁed the normal proteolytic function of the 26S
proteasome that was puriﬁed from these two deleted strains,
and showed that their deletion is related to the degradation
of Gcn4p. The data presented here suggested that the Rpn13p
and Rpn14p were involved in the stable formation of 26S pro-
teasome and the recognition of the ubiquitinated Gcn4p in
proteasomal degradation.blished by Elsevier B.V. All rights reserved.
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2.1. Strains, plasmids, genetic manipulation, and growth media
Yeast strains, plasmids and primers used in this study are described
in Supplementary Table S1, S2. The YJK411 and YJK421 strains were
generated by introducing the PCR product containing the kanMX
module that was recovered from the genomic DNA of YJK302
(Drpn13) and YJK303 (Drpn14) strains with RPN13KO and
RPN14KO primers, respectively. Standard genetic manipulation and
transformation were used and standard yeast media such as YPD
and synthetic complete media were prepared as previously described
[21].
2.2. TAP aﬃnity puriﬁcation of 26S proteasome
The 26S proteasome was isolated by a modiﬁcation of the previously
described method [22]. The TAP-tagged and untagged strains of Sac-
charomyces cerevisiae were grown to an absorbance of 3.0 at 600 nm
in YPD medium at 30 C. Cells were harvested and suspended in
5 ml of buﬀer A (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.1%
NP-40, 10% glycerol, 5 mM ATP, 10 mMMgCl2, and 10· ATP regen-
eration system), and lysed with glass beads using a FastPrep-24 (MP
Biomedicals Products, CA). The puriﬁed 26S proteasome was dialyzed
with an excess of appropriate buﬀer for other experiments. Each sub-
complex was veriﬁed by Western blotting with antibodies for TAP epi-
tope (Open Biosystems, AL), Rpn11p (Santa Cruz Biotechnology,
CA), Rpt5p (BIOMOL, UK), and 20S CP (BIOMOL, UK).
2.3. Identiﬁcation of puriﬁed proteasome subunits by mass spectrometry
The isolated 26S proteasome subunits were separated by SDS–poly-
acrylamide gel with a gradient of 10–20%, visualized by silver staining,
digested with trypsin, and subjected to liquid chromatography and tan-
dem mass spectrometry. Tandem mass spectra were assigned using SE-
QUEST searching against the Stanford yeast database (6948 entries)
and validated with Trans-Proteomic Pipeline provided from the Insti-
tute for Systems Biology.
2.4. In-gel peptidase assay
Non-denaturing PAGE on 4% polyacrylamide gel and the subse-
quent in-gel peptidase assay for the proteasome using a ﬂuorogenic
substrate, Suc-LLVY-MCA (Calbiochem, CA), were carried out as de-
scribed previously [23].
2.5. Promoter shut-oﬀ system analysis
Promoter shut-oﬀ system analysis was performed as described previ-
ously [24]. Samples were analyzed at the indicated time points after
promoter shut-oﬀ (0 min time point). Whole cell lysate was subjected
to SDS–PAGE and Western blotting with monoclonal anti-myc
(9E10) (Santa Cruz Biotechnology, CA) and anti-Pgk1p (Molecular
Probes, OR) as an internal control. Gcn4p protein bands were quanti-
ﬁed using the TINA image analysis software.
2.6. Immunoprecipitation and accumulation of polyubiquitinated Gcn4p
pGAL1GCN4-myc-transformed cells were induced by 2% galactose
for 12 h at 30 C. Cell extracts were prepared in the same volume of
buﬀer A containing 1 mM DTT, 5 mM N-ethylmaleimide, 0.1 mM
MG132, and protease inhibitors, and were disrupted with glass beads.
The extracts were precleared with 20 ll of the protein A-agarose for
1 h at 4 C. Two micrograms of monoclonal anti-myc antibody were
then added to the precleared lysate and incubated for 4 h at 4 C.
Gcn4p recognized by anti-myc antibody was recovered with 30 ll of
protein A-agarose for 2 h at 4 C. The beads were washed extensively
with buﬀer A and bead-bound materials were eluted with SDS-loading
buﬀer and subjected to SDS–PAGE, followed by Western blotting.
Prior to elution, immunoprecipitated Gcn4p was also used for recep-
tor-binding and proteasome-binding assays.
2.7. Bacterial expression and puriﬁcation of His6-tagged proteins
E. coli strain BL21-CodonPlus (DE3)-RIL cells (Stratagene, CA)
were used for the expression of His6-tagged proteins. Bacterially-ex-
pressed proteins were puriﬁed with Ni-NTA agarose (Quiagene, CA)
following the protocol of the manufacturer, and were dialyzed against
phosphate-buﬀered saline with 125 mM HEPES (pH 7.5) for in vitro
binding assays with the polyubiquitinated Gcn4p.2.8. Polyubiquitinated Gcn4p-binding assay with proteasome and
recombinant proteins
Twenty micrograms of puriﬁed recombinant protein were added to
bead-bound Gcn4p in buﬀer A. After extensive washing, SDS-loading
dye was added and eluted by boiling. Elutes were subjected to SDS–
PAGE and Western blotting with anti-His probe (Santa Cruz Biotech-
nology, CA). For the proteasome-binding assay, 20 lg of puriﬁed 26S
proteasome from each strain were added to the polyubiquitinated
Gcn4p.3. Results
3.1. The isolation of the 26S proteasome in the Drpn13 and
Drpn14 strains
To determine whether the deletion of the RPN13 and
RPN14 genes aﬀects the native composition and proteolytic
function of the 26S proteasome complex, we isolated the 26S
proteasome from deleted mutant strains using RPN10-TAP
as bait. Puriﬁed 26S proteasome was resolved on a 10% poly-
acrylamide gel, followed by silver staining and immunoblot-
ting with antibodies for Rpt5p in 19S RP and a/b subunits
in 20S CP. The 26S proteasome puriﬁed from the Drpn13
and Drpn14 strains showed normal assembly of the 26S protea-
some, similar to that of the wild-type strain (Fig. 1A). Each
subunit was identiﬁed by liquid chromatography and mass
spectrometry (Fig. 1B, Supplementary Table S3). To assess
the proteolytic function of the puriﬁed 26S proteasome, we
performed in-gel peptidase assays using Suc-LLVY-MCA
(Fig. 1C). The patterns of signals resulting from the peptidase
activities of the proteasomes from deleted strains were also
identical to those of the wild-type strain. The deletion of
RPN13 and RPN14 had no eﬀects on the assembly or activity
of the 26S proteasome complex.
Rpn14p/Ygl004cp has been previously identiﬁed as a protein
that interacts with 19S RP in large-scale protein–protein inter-
action studies [20]. To investigate whether Rpn14p is an intrin-
sic component of the 19S RP, we attempted to purify the 26S
proteasome with RPN14-TAP. Although we repeated the puri-
ﬁcation of the 26S proteasome, whole subunits of 26S protea-
some were not isolated completely using RPN14-TAP apart
from Rpn10-TAP (data not shown). Nevertheless, Rpt5p,
one of six ATPase subunits in the base of the 19S RP was likely
to more strongly interact with Rpn14p than other subunit pro-
teins (Fig. 1D). This result was also conﬁrmed by washing the
puriﬁed fraction with a high concentration of salt (Fig. 1E).
3.2. The stability of Gcn4p is increased in the non-ATPase
subunit deletion strains
Gcn4p is a good physiological substrate for 26S proteasome
apart from the synthetic substrates of UPS such as Ub-Pro-b-
gal, UbV76-b-gal, and UbV76-V-DHFR [25–27]. Therefore, we
examined whether the degradation of Gcn4p was aﬀected by
deletion of each gene. A galactose-inducible GCN4 expression
system with C-terminus myc7-tag was introduced due to its ra-
pid degradation. Interestingly, the breakdown of Gcn4p was
delayed signiﬁcantly in each Drpn13 and Drpn14 strain
(Fig. 2A,B). The half-life (s1/2) of Gcn4p in the deleted mutant
strains was about two times longer than that of the wild-type
strain. Because deletion of RPN10 was known to increase
the accumulation of ubiquitinated Gcn4p [28], we also com-
pared the ubiquitinated Gcn4p of each deleted strain with
those of the Drpn10 and wild-type strains. Remarkably, the
Fig. 1. Aﬃnity puriﬁcation of the 26S proteasome from TAP-tagged cells of the Drpn13 and Drpn14 strains. (A) The puriﬁcation of the 26S
proteasome from YJK 401 (wild type), YJK411 (Drpn13), and YJK421 (Drpn14) strains was performed as described in Section 2. (B) Proteins from
isolated 26S proteasomes were resolved on a 10–20% polyacrylamide gradient gel and subsequently stained with silver. Some of the identiﬁed protein
bands were indicated at the right of the gel. (C) The same proteasome samples were subjected to in-gel peptidase assay. The isolated complex
contained both asymmetric singly-capped (RP1CP) and symmetric doubly-capped (RP2CP) proteasomes. (D) The puriﬁcation of the 26S proteasome
was performed using the Rpn14p-TAP cells. (E) The 26S proteasome was puriﬁed by the high salt concentration washes. The bead-bound 26S
proteasomes were washed three times with the binding buﬀer containing 0.1 M, 0.3 M, and 0.5 MNaCl, respectively, and were then washed once with
the binding buﬀer.
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all three deletion strains than in the wild-type strain (Fig. 2C).
To check whether this diﬀerence results from defects of global
UPS in cells, we evaluated the ubiquitination of total lysate
(Fig. 2D) and the resistance of cells to canavanine, an arginine
analog, which induces protein misfolding, thereby increasing
the demands on proteasome to clear them (Fig. 2E). RPN10-
deleted cells only showed large-scale UPS defects, but Drpn13
and Drpn14 cells did not. Taken together, we found that the
deletions of RPN13 and RPN14 did not aﬀect the large-scale
UPS in cells but increased the stability in particular substrates.
3.3. Rpn13p and Rpn14p are required for the substrate
recognition by 26S proteasome
Biochemical studies have shown that Rpn10p serves as a
true ubiquitin receptor for the proteasome, recognizing targets
via its UIM (ubiquitin-interacting motif) [5,29]. In addition,
the polyubiquitinated Gcn4p in Drpn13 and Drpn14 accumu-
lated considerably, but to a somewhat lower level than that ob-
served in Drpn10 (Fig. 2C). Therefore, we could regard the
Rpn13 and Rpn14p as factors related to the recognition of
ubiquitinated Gcn4p. First, we tested whether both proteinswork as receptors for the ubiquitinated Gcn4p using an
in vitro binding assay. Gcn4p-myc7 was immunoprecipitated
with the RPN10-deleted cell extracts using lysis buﬀer contain-
ing the inhibitors for proteolytic activity such as MG132 and
N-ethylmalemide. These immunoprecipitated Gcn4 proteins
were incubated with the C-terminus His6-tagged proteins puri-
ﬁed from E. coli. Rpn10p interacted with ubiquitinated Gcn4p
as expected, but Rpn13p and Rpn14p were not detected with
anti-His probe (Fig. 3A). These data showed that Rpn13p
and Rpn14p did not directly bind to the ubiquitinated Gcn4p.
We then attempted to determine their speciﬁc roles in the rec-
ognition step of the 26S proteasome to the substrates because
the eﬀects of RPN13 and RPN14 deletions were similar to that
of the deletion of RPN10 in the accumulation of ubiquitinated
Gcn4p. To probe these possibilities, we carried out a protea-
some-binding assay with immunoprecipitated Gcn4p from
Drpn10 and Dubi4 cell extracts. UBI4 was the only gene that
was not fused with a ribosomal gene and encoded the ubiqui-
tin for polyubiquitination [30]. Because Gcn4p was only
slightly polyubiquitinated in Dubi4 cells as shown in Fig. 3B,
we used it as a negative control. Puriﬁed 26S proteasomes
from the Drpn13 and Drpn14 strains were added to the
Fig. 2. Deletions of RPN13 and RPN14 lead to increased Gcn4p stability. (A) Gcn4p stability was analyzed with pGAL1GCN4-myc-transformed
cells. Protein levels of Gcn4p-myc7 and Pgk1p as loading control were determined in each of the deleted mutant cells at 0, 5, 10, 20, and 30 min after
the GAL1 promoter shut-oﬀ. (B) Quantitation of experimental data shown in (A). Each bar indicated remaining Gcn4p percentages that were
normalized using Pgk1p. The values for average and S.D. in this graph were obtained from ﬁve independent experiments. (C) Accumulation of
polyubiquitinated Gcn4p was detected with the immunoprecipitated Gcn4p from each of the deletion strains using the total lysate extracted 5 min
after the promoter shut-oﬀ with glucose. Equal amounts of immunoprecipitated Gcn4p are shown in the upper panel, and accumulation of
ubiquitinated Gcn4p is shown in the lower panel. Ig (H), heavy chain of immunoglobulin. (D) Each deleted strain was grown in YPD media until
mid-log phase, and total lysate was extracted. An equal amount of lysate was determined by Bradford protein assay and subjected to SDS–PAGE,
followed by Western blotting with anti-Ub and anti-Pgk1p. (E) To assess the defects of the deletion of each gene in the global ubiquitin-proteasome
pathway, 0.5 and 1.0 lg/ml canavanine plates were used. Serially-diluted cells were spotted and incubated at 30 C for 4 days.
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and anti-myc antibodies. The interaction between the Gcn4p
and each subcomplex was determined by immunoblotting
(Fig. 3B). We found that the 26S proteasome of each deleted
strain showed signiﬁcantly decreased binding activities to the
ubiquitinated Gcn4p. We estimated that the 26S proteasome
puriﬁed from the deleted strains was defective in the recogni-
tion of the ubiquitinated Gcn4p because these decreased bind-
ing activities were found in all of the subunits.
3.4. Rpn13p and Rpn14p work for the stable assembly of 26S
proteasome
Previous studies suggested that the interaction between the
19S RP subunits was an important factor in the complex forma-
tion and the regulation of 26S proteasome activity [31–33]. To
characterize the structural function of Rpn13p and Rpn14p in
the 26S proteasome, we tested the stability of the 26S protea-
some puriﬁed from the deleted mutant cells by washing them
with high salt concentration buﬀer. Each salt-washed 26S pro-teasome was analyzed by Western blotting with antibodies as
indicated in Fig. 4. In all strains, each subcomplex in the 26S
proteasome was detected in equal amounts by washing with
0.1 MNaCl buﬀer (Fig. 4, lanes 4–6). The 26S proteasome trea-
ted with 0.3 M and 0.5 M NaCl washing showed diﬀerent pat-
terns in terms of composition. The 20S CP of the proteasome in
deleted mutant cells dissociated more rapidly than that of the
proteasome in wild-type cells during the 0.3 M NaCl washing
(Fig. 4, lanes 7–9), whereas the 20S CP of wild-type 26S protea-
some was found to be associated in the complex after the 0.5 M
NaCl washing (Fig. 4, lanes 10–12). In addition, 20S CP was
more easily dissociated from the 26S proteasome compared
to other subcomplexes. The Rpt5p of the base complex and
the Rpn11p of the lid complex remained throughout the
0.3 MNaCl washing, but both of the deletion mutant cells were
dissociated by the 0.5 M NaCl washing (Fig. 4, lanes 10–12).
Data gathered in this experiment imply that the 26S proteo-
somes from the Drpn13 and Drpn14 strains were less stable to
NaCl washing than the 26S proteasome of the wild-type strain.
Fig. 3. Eﬃcient recognition of Rpn10p for ubiquitinated Gcn4p requires Rpn13p and Rpn14p. (A) For the preparation of the polyubiquitinated
Gcn4p, pGAL1GCN4-myc was transformed into the Drpn10 strain. Immunoprecipitated Gcn4p was analyzed by Western blotting with 9E10 and
FK2 antibodies; (S), short exposure time to ﬁlm; (L), long exposure time to ﬁlm. Immunoprecipitated Gcn4p was veriﬁed in equal amounts as shown
in the short exposure time panel. Modiﬁcation of Gcn4p was determined in the long exposure time panel. Bacterially-expressed and puriﬁed
recombinant proteins were subjected to SDS–PAGE and subsequently analyzed by Coomassie blue staining. This showed that the amounts of
puriﬁed proteins used in the in vitro binding assay were equal. (B) The puriﬁed 26S proteasome from YJK411 (Drpn13) and YJK421 (Drpn14) were
also added to the immobilized ubiquitinated Gcn4 proteins.
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The 26S proteasome is a complex 2-megadalton protease
that is composed of at least 32 diﬀerent subunits. Each subunit
has unique functions that enhance the turnover of ubiquiti-
nated substrates in the proteasome complex. Although a num-
ber of subunits have been characterized in the structural and
functional roles of proteasome complex, uncharacterized sub-
units still remain. In addition, while most subunits of the pro-
teasome complex are essential components in budding yeast,
some of these subunits are non-essential. This allowed us to
consider the idea that non-essential subunits of 19S RP play
a special role in the proteasomal function. It is very interesting
to ﬁnd that the deletion of RPN13 and RPN14 increased the
stability of Gcn4p and the accumulation of ubiquitinated
Gcn4p, as seen in the deletion strain of RPN10 (Fig. 2). This
phenomenon might have been caused by the ineﬃcient recog-
nition of the substrates by the 26S proteasome when RPN13
orRPN14 was deleted (Fig. 3). Similar to our data, in humanRpn13-knockdown cells with siRNA, the degradation of
short-lived protein was also reduced without alteration in the
expression of other proteasomal subunits and accumulation
of polyubiquitination in total extracts [18,19]. Taken together,
we propose that Rpn13p and Rpn14p are required for the sub-
strate recognition by the 26S proteasome, and the accumula-
tion of ubiquitinated Gcn4p and the increase of Gcn4p
stability result from the defect in the recognition of the sub-
strates in proteasomal degradation.
Because the puriﬁed 26S proteasomes from Drpn13 and
Drpn14 mutant strains were not defective in structural assem-
bly and proteolytic function (Fig. 1), we considered that
RPN13 and RPN14 might not be essential genes for proteaso-
mal activity, but act as auxiliary genes for speciﬁc functions.
We were not able to isolate the intact 26S proteasome using
RPN14-TAP, but found that only Rpt5p strongly interacted
with Rpn14p (Fig. 1D,E). PAAF-1, a mammalian ortholog
of RPN14, directly interacted with the proteasomal ATPases
of 19S RP but not with the 20S core particle [34]. Thus,
Fig. 4. 26S proteasomes lacking Rpn13p and Rpn14p are unstable in
high salt buﬀer. The 26S proteasome was pulled down from YJK411
(Drpn13) and YJK421 (Drpn14) strains using calmodulin-binding
beads, and was then washed with binding buﬀer containing the
indicated concentration of NaCl. Samples were resolved on 10% SDS–
polyacrylamide gels, and each subunit was analyzed by immunoblot-
ting with antibodies for each subcomplex as shown in the ﬁgure. Total
lysate used in the puriﬁcation was equal to the amounts appearing in
input panels.
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but is, in fact, an auxiliary factor that interacts with the prote-
asomal ATPase of 19S RP. Whereas our data showed that
deletion of RPN14 compromised the recognition and degrada-
tion of ubiquitinated Gcn4p, recent studies suggested that
PAAF-1 negatively regulates proteasomal activities by pro-
moting the dissociation of proteasome into 19S and 20S parti-
cles [34,35]. This discrepancy might reﬂect a fundamental
functional diﬀerence between yeast and mammalian protea-
some.
We revealed that Rpn13p and Rpn14p play structural roles in
the stability of the 26S proteasome in high salt concentration
washing conditions, as shown in Fig. 4. Additionally, the
assembly was not inﬂuenced by the deletion of both genes in
washing conditions at concentrations lower than 0.1 M NaCl.
Thus, we suggest that both subunits may also contribute to
the stability of the 26S proteasome in some stress conditions.
We could not discriminate the diﬀerences in the functions of
Rpn13p and Rpn14p. However, we believed that the functions
of the two proteins were not identical because Rpn13p is
known to be a stoichiometric subunit of the 26S proteasome
[15], while Rpn14p was found as an associated factor that
interacted with the speciﬁc subcomplex in the proteasome
rather than the intrinsic proteasome subunit in our experiment.
These proteins related to the recognition of proteasome might
function in diﬀerent steps and/or with diﬀerent pairs of the un-
known substrates. Rpn10p can bind the substrates into the 26S
proteasome in both its free form and its incorporated form
[5,6]. Therefore, we cannot exclude the possibility that Rpn13p
and Rpn14p were able to guide the ubiquitinated Gcn4p recog-
nized by some receptors to the proteasome stably. We also sug-
gest that Rpn13p and Rpn14p could contribute to the
substrate speciﬁcity of the 26S proteasome. When the recogni-
tion of ubiquitinated substrates is carried out by some gate
subunits in the 26S proteasome, these polyubiquitin chain
receptors can speciﬁcally recognize their proper substrates,
and can also share the substrate layers without speciﬁcity
[36]. To further elucidate the speciﬁcity between polyubiquitin
chain receptors and ubiquitinated substrates with respect to
Rpn13p and Rpn14p, more thorough investigations on thebinding and the functional links between each receptor and
other substrates should be conducted in the future.
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